Assessment of the impacts of mining and reclamation, and design of management practices to reduce chemical loads in stream channels, require knowledge of changing hydrological conditions and of changing sources and rates of release of chemicals into stream waters. One simple method for evaluating these impacts is to combine flow duration curves with regression relations between surface-water chemical concentrations (C) and instantaneous discharge (Q). However, little is known regarding the drainage basin-scale effects of mining and reclaiming drainage basins on regression relations. These effects were assessed on three small experimental drainage basins in Ohio subjected to surface mining for coal. Comparisons were made between regression parameter changes for natural/ undisturbed conditions, land disturbances caused by mining and reclamation, incomplete reclamation, and the final condition of the reclaimed drainage basins. Regression analysis used a total of 5047 laboratory analyses of 36 constituents. Of 429 regressions, 153 (36%) were statistically significant. Knowledge of changes in regression parameters is important because regressions supply information on the rate of release and supply of chemical constituents in mined and reclaimed drainage basins. Duration curves of concentration and loads can be constructed using these regressions with flow-duration curves to give estimates of the percentage of time that concentrations and loads are exceeded during different phases of disturbance. This study assessed the changes in regression relations due to mining coal seams and reclamation activities for 36 chemical constituents, two mining methods, three reclamation practices and three distinct geologic settings.
INTRODUCTION
Landscapes disturbed by surface mining for coal and reclamation can significantly affect aquatic ecosystems and the quantity and quality of stream water. Quantifying these impacts is difficult because of the wide variety and spatial locations of disturbances that occur over a drainage basin and the rapidly changing rates of disturbances. Additionally, often there are few data with which to evaluate these effects and modelling may not be feasible. Therefore, a simple method for quantifying landmanagement impacts is needed.
One method that shows promise to meet this need to quantify the stream waterquality characteristics is a duration curve (DC). A DC is a graph that visually quantifies the percent of time that the value of a variable is exceeded. The DC most familiar to hydrologists is the flow-duration curve (FDC) . A FDC graph shows the percent of time that flow rates are exceeded at a point in the stream channel. When there is a relation between concentration (C) and instantaneous discharge (Q), loadduration curves and concentration-duration curves can be constructed by combining the statistical regression relations between constituent C and Q with the discharges comprising the FDC (Bonta & Cleland, 2003) . However, even if no relation exists between C and Q for an individual constituent, the distribution of C data can be interpreted using the frequency distribution of raw data in a similar manner, except that concentrations are random at any flow rate.
Advantages to DCs include easy visualization and presentation to lay persons, quantification of the variability and uncertainty in water quality data and quantification of reductions in the exceedences of risks and magnitudes of concentrations and loads when land-management improvements are implemented to improve water-quality. Furthermore, allowable stream chemical loads must be developed from concentration data collected in the field. The conversion from concentrations to loads requires a quantitative link between drainage basin hydrology and concentrations that are supplied by combining regressions and a DC. This simple method enables design of land-management practices as well as evaluation of impacts of land-use changes if FDC and regression parameter changes can be estimated. Finally, regressions are also a means to extrapolate and interpolate concentrations for any instantaneous discharge in a regression. Consequently, regressions and DCs are useful for addressing the magnitudes of stream water-quality loads and for design of land-management practices in terms of percentage of time loads are exceeded due to land-use changes.
The DC approach is useful as a supplementary tool by an analyst to quantify effects of land changes on hydrology and water quality, especially when there are few data. Watershed modelling and other approaches may be suitable if sufficient data are available. However, for some chemical constituents, no watershed model may be available and the DC approach may be the only alternative.
Regressions between C and Q from stream-water data in mined and reclaimed areas have not been comprehensively studied. Thus, little is known regarding the chemical constituents for which regressions are likely, in what respects regressions may be consistent across drainage basins of differing lithology and how regressions may change during different phases of mining and reclamation operations at a given site. Yet this information is necessary for development of science-based regulations and design of management practices to reduce chemical loads. Explored in this study are the chemical constituents affected and changes in regression parameters in stream water due to different disturbances associated with the extraction of coal.
The USDA-Agricultural Research Service (ARS) at the North Appalachian Experimental Watershed (NAEW) near Coshocton, Ohio, The Ohio State University / Ohio Agricultural Research and Development Center and the US Geological Survey initiated a research project to quantify the effects of drastic land disturbances due to coal mining and reclamation on three small, previously undisturbed, experimental drainage basins in Ohio on surface-water hydrology and water quality, groundwater hydrology and groundwater quality and on sedimentation. The three basins had widely varying lithologies and physical characteristics and different mining operations and reclamation practices (Fig. 1) . The project was funded by the US Bureau of Mines (USBM) and later by the ARS, for a total of about nine years. Different aspects of this large study have been documented in numerous publications (USBM, 1978 (USBM, , 1983a Bonta et al., 1992a Bonta et al., ,b, 1997 Bonta & Hamon, 1980; Amerman et al., 1982; Bonta & Sutton, 1983; Dick et al., 1983 Dick et al., , 1986 Bonta, 2000 Bonta, , 2004 Bonta & Dick, 2003) . Prior to the Ohio study, few investigations were available before enactment of regulations of the Surface Mining and Reclamation Act (Public Law 95-87) in the USA that documented the impacts of mining and reclamation on hydrology, water quality and chemical yields (Curtis, 1971 (Curtis, , 1974 Grubb & Ryder, 1972; Upham, 1975; Dyer & Curtis, 1977) and fewer were comprehensive (Musser, 1963; Collier et al., 1964 Collier et al., , 1970 .
The objective of the present study is to evaluate the effects of land disturbances during different phases of surface coal mining and reclamation activities at the three Ohio experimental drainage basins, upon changes in the relations between surfacewater constituent concentrations and instantaneous discharges by use of regression techniques. This paper addresses changing regression parameters only for comparable regressions as mining and reclamation activities progressed from one type of land disturbance to another in individual drainage basins. Comparable regressions are those that are statistically significant for both of two periods being compared. Another paper (Bonta, 2004) focuses on all regression parameters and on changes and similarities in regression parameters due to varying lithologies across drainage basins.
PROCEDURE

Approach
Empirical, statistical and exploratory methods were used in the present study. The experimental plan called for monitoring stream discharge and chemistry at three geologically dissimilar experimental drainage basins for about a year before surface disturbances, for about eight months during mining and reclamation disturbances and for about three years after reclamation. Circumstances during the project led to phases of disturbance of varying duration and a monitoring program lasting from six to nine years, depending on the site.
Normal commercial mining and reclamation activities were planned. All drainage basins were mined under state regulations similar to US Public Law 95-87. Drainage basin areas were selected so that coal mining and reclamation activities would disturb nearly 100% of the basin. This near-complete disturbance would reduce the effects of undisturbed areas on monitored variables such as by dilution from undisturbed areas. Periods of similar drainage basin disturbance at each drainage basin were identified for data-grouping and analysis purposes as described later. Because the project was exploratory, regression analyses included all combinations of phases when comparing constituents within a drainage basin.
Physical drainage basin conditions and activities during the study
Details on physical conditions and weather at the three drainage basins during the study were described previously by Bonta (2000) and Bonta et al. (1992a) and only brief descriptions are given here. Three small drainage basins in East-Central Ohio (drainage basins C06, M09 and J11) were instrumented for runoff measurement and water sampling in undisturbed areas. The drainage basins were monitored during three broad phases of disturbance-Phase 1 (the undisturbed, natural drainage basin condition); Phase 2 (drainage basins were undergoing mining and/or reclamation activities); and Phase 3 (drainage basins were either almost completely reclaimed or final reclamation had been achieved). Drainage basin areas (Table 1) during Phase 1 (undisturbed) were 19.8, 17.6 and 11.8 ha at C06, M09 and J11, respectively (Table 1; Fig. 1 ).
The drainage basins were subjected to different mining schedules. Furthermore, two different mining methods were used (Table 1) . Contour-area mining was used at C06 and M09. In the contour-area method, coal is extracted starting at the coal outcrop and successive cuts along the contour are made into the hillside. The spoil from the (Bonta et al., 1997). first cut is thrown down slope and generally forms a much smaller probable drainage basin area for most of Phase 2 (Table 1 ; Bonta, 2000) . After that, the spoil from each cut is placed on the underclay exposed by the previous cut as mining progresses toward the centre of the hilltop. The successive cuts form multiple ridges of spoil in place of the original hilltop and generally lay outside the probable drainage area of the study drainage basin. The haul-back method was used at J11. With this method, successive blocks of coal are mined from the hillside. Spoil removed from the activelymined block is placed on the adjacent mined-out block. Coal is mined along the contour to a high wall left at the centre of the hilltop. The drastic changes in probable drainage basin areas and the distribution of types of disturbances within the drainage basins during the monitoring periods are documented by Bonta (2000) . Geologic strata mined at the three sites were nearly flat and were composed of shale, siltstone, sandstone, limestone, coal and clay (Table 1) . During Phase 2, the strata from the elevation of the mined coal seam to the top of the drainage basin were converted to fragmented overburden (spoil) during blasting operations. Phase 3 hillsides were composed of spoil graded from above the elevation of the coal seam and placed over the original land surfaces below the coal seam, resulting in near complete surface disturbance (Table 1) . Details regarding undisturbed soils can be found in USBM (1978) and on post reclamation soils in USBM (1983a,b,c) .
Reclamation practices at C06 ( Fig. 1(a) ) consisted of runoff diversions (shallow channels made by using a grader or small bulldozer on the hillside) that route water on the contour to a rock chute in the headwater area of the drainage basin. Water flowing from the runoff diversions and rock chute was conveyed through a series of up to three dry dams in the main stream channel. Initial reclamation practices at J11 ( Fig. 1(c) ) consisted of runoff diversions during the earlier part of Phase 3. These runoff diversions were removed for the final reclamation at this site during the latter part of Phase 3. At M09, no runoff diversions were used ( Fig. 1(b) ) and the reclamation practice consisted of mechanically crimping straw into topsoil.
During Phase 1, forest cover comprised the vegetative cover at C06 and forest and forage grasses comprised the cover at M09 and J11 (Table 1) . Vegetative cover during Phase 3 was primarily grass at all sites, with some small trees at C06. Fertilizer was applied on reclaimed areas according to soil-test results.
Instrumentation and stream sampling
Discharge was measured continuously at drainage basin outlets with "H flumes" (Brakensiek et al., 1979) and drop-box weirs (Johnson et al., 1966) . Water samples were obtained over a range of flows manually. About 10 samples/year/site were planned, but the actual number of samples collected varied because of the varying durations of disturbances. Dick et al. (1983) describe the procedures used for laboratory analysis of the 36 soluble constituents examined in water samples of the present study (5047 laboratory analyses). Constituents for which analyses were made were: Ag, Al, alkalinity, As, Ba, Ca, Cd, Cl, CN, CO 2 , Cr, Cu, total dissolved solids (TDS), dissolved oxygen (DO), Fe, F, H 2 S, hardness, HCO 3 , Hg, Mg, Mn, Na, NH 4 -N, Ni, NO 3 -N, P, Pb, phenols, Sb, Se, SO 4 , Sr, Zn, specific conductance (SC) and pH. Because Fe was measured in two different ways during Phase 1 at C06 and M09, these comparisons are only qualitative. Due to lack of continued funding, fewer constituents were analysed at J11 at the end of monitoring. Other analyses of the changing chemistry and sediment at the three watersheds have been documented in other publications. Bonta (2004) reported on changes and similarities in regression parameters across the varying geologies of the three drainage basins. Bonta & Dick (2003) documented the changes in average concentrations and loads from the Ohio drainage basins and the value of removing runoff diversions as soon as possible after reclamation. An in-depth investigation of the effects of mining and reclamation on suspended sediment concentrations and loads at the three sites has been published elsewhere (Bonta, 2000) . Sediment-chemistry concentrations were reported by Dick et al. (1986) .
Division of data into phases of disturbance
Sub-phases of similar predominant surface disturbance during Phases 2 and 3 were identified for analysing water-quality data. These sub-phases of disturbance were not precise because the disturbances were continuously changing. Two sub-phases of Phase 2 were identified at C06 and M09 and one at J11 (Table 2) . For Phase 3, one phase was identified at C06 and two sub-phases at M09 and J11 ( Table 2 ). The undisturbed drainage basin condition is referred to as Phase 1 and the "final" reclaimed drainage basin condition is denoted Phase 3F, at all sites. For simplicity, all phases and sub-phases are called "phases" of disturbance.
Regressions of concentration against instantaneous discharge
Relations between constituent concentration (C) and instantaneous discharge (Q) are often found in stable drainage basins (Lewis & Grant, 1979) . Initial plotting of concentration vs instantaneous discharge data for the three drainage basins suggested the power equation usually fitted the data well:
where a is the coefficient parameter and b is the exponent parameter. Linear regression analysis was used on the logarithm of concentration (mg l -1 ) against the logarithm of instantaneous discharge (L s -1 ) for all water-quality constituents for each phase. The slope of the linearized regression is the exponent of the power equation (i.e. b) and the intercept is the log of the coefficient (i.e. log a). The fit of a regression line is determined by whether it is statistically significant or not. Statistically significant regressions were identified at the significance level equal to 0.10. This level of significance was chosen because limited available data spanned a continuum of surface disturbances, often causing large scatter in relations. The 0.10 level allowed less obvious correlations to be included that may have been stronger if more data could have been collected during the period of disturbance identified in Table 2 . Also, if the durations of surface disturbances were longer and more stable, the significance levels may have decreased and correlation coefficients regressions may have increased. For pH, regressions were determined between the equivalent logarithm of hydronium-ion concentration and log of instantaneous discharge. Multiplying concentration in equation (1) by the corresponding flow yields a load rate (LR):
Equation (2) correlates concentrations with load rates and changing drainage basin hydrology. When equations (1) and (2) are used with flow-duration curves, concentration and load-rate duration curves can be developed. More representative average concentrations and load rates can be computed, compared with using simple averages of raw data. Estimates of the percent of time that concentrations and load rates are exceeded can also be determined (Bonta & Cleland, 2003) . Average concentrations and load rates are dependent on measured discharge. Drastic disturbances due to surface mining create unstable conditions and regression relations can change due to changing hydrological and surface conditions. These changes are manifested in changes in the regression slope (including its sign) and/or by changes in intercept. An example of a constituent with a positive b is suspended sediment, which increases in concentration with increasing instantaneous discharge. Equation (2) shows that, for b > -1, load rate also increases as b increases for a given instantaneous discharge. Inverse relations (b < 0) often occur for major ions.
A statistically significant change in the regression relation between C and Q suggests that drainage basin equilibrium has been altered by mining and reclamation activities. There are three possible changes in regression lines: slope only changes, intercept only changes (parallel lines) and slope and intercept changes. A change in the slope observed between regressions for different phases of disturbance suggests a change in the rate of release of a constituent from a drainage basin, or change in sensitivity of concentrations to instantaneous discharges. Parallel regression lines with different intercepts describe a situation where there is a similar sensitivity of a constituent to flow, but there is also a change in baseline supply. Regressions with different slopes and intercepts combine the interpretations of slope-and intercept-only changes. Regression lines with similar slopes and intercepts for different phases (same line) describe a situation where there is no apparent change in drainage basin equilibrium for a particular constituent.
Comparison of regression equations across phases within a drainage basin
Regression lines across phases were compared within a given drainage basin for all combinations of phases in Table 2 . Where regressions were statistically significant for each phase being compared, an analysis of covariance was carried out and individual F tests were performed for statistically significant differences in slopes and intercepts between the log-log regression lines at the level of 0.10. The significance probabilities for comparisons of slopes and intercepts and statistical results were tabulated (not significant, slope only significant, intercept only significant and slope and intercept significant). If the slopes were statistically different, then the results were further characterized as to whether the sign of the regression slopes (exponent in equation (1)) remained the same (plus to plus, or minus to minus), or if a slope changed (plus to minus, or minus to plus). If an intercept was significantly different, then the increase or decrease was noted. A more drastic impact of mining and reclamation on water chemistry is characterized by concurrent statistically-significant slope and intercept changes. A lesser impact occurs when only slopes or intercepts are different. No impact occurs when neither slopes nor intercepts are different. Documenting slope changes is important because regression slopes determine if chemical transport is affected more by high or low flows.
RESULTS AND DISCUSSION
Summary of regressions
Because the C-Q regressions used in this study are a subset of the regressions used by , the reader is referred to that study for details on all regressions. Briefly, a total of 429 regressions between constituent concentration and instantaneous discharge were statistically tested for significance for all drainage basins and phases. Of these, 153 were statistically significant (36%). The largest percentages of statisticallysignificant regressions were found generally during Phases 1 (premine) and 3F (reclaimed) conditions. These drainage basin phases were most stable due to the fewer drainage basin disturbances before mining and after reclamation were completed. The lowest percentages of significant regressions occurred during unstable sub-phases of Phases 2 and 3A when the drainage basins were undergoing mining and/or reclamation activities. Equilibrium of drainage basins was not as apparent during these periods due to the drastic drainage basin disturbances. Bonta (2004) provides the significance levels and regression parameters for all significant regressions for all phases and drainage basins. The present study is concerned with only statistically significant regressions that could be compared from one phase to the next.
Comparison of regression equations across phases within drainage basins
Overview As an example, Table 3 lists the coefficients and exponents of the power equation (equation (1)) used in this study for significant regressions that were comparable (significant regressions had to occur for the two phases being compared) at C06. Also shown are the results of statistical tests for differences in slopes and intercepts of logarithmic regression equations. There were 23, 62 and 34 significant regressions that could be compared between phases of disturbance at C06, M09 and J11, respectively. Figure 2 (Fig. 2(a) is a visual summary of Table 3 ) shows that a notably larger percentage of statistically significant changes to regression-line parameters were determined from the C06 data (100%), compared with M09 (48%) and J11 (65%). Compare the larger number of "nonempty" vertical bars (Fig. 2) with the "empty" bars.
Types of regression-line changes
Regression slopes for all phases were not significantly different for most comparisons at M09 and J11 (69 and 85%, respectively; empty "N" bars in Fig. 2(b) and (c)), compared with 0% at C06 (no empty bars in Fig. 2(a) ). There was a notable difference in the distributions of type of regression-line changes among drainage basins (Fig. 2) . At C06, 78% of all the comparable regressions in Table 3 (Fig. 2(a) ) showed that both slope and intercept changed (solid "SI" bars), 13% showed only a slope change (vertically hatched "S" bars) and 13% changed in intercept only (dotted "I" bars). This was in contrast to J11 (Fig. 2(c) ) where only 9% of changes were in both slope and intercept (solid "SI"), 6% showed slope-only changes (hatched "S") and 50% showed intercept-only changes (dotted "I"). At M09 (Fig. 2(b) ), the slope and intercept (solid "SI"), slope-only (hatched "S") and intercept-only changes (dotted "I") were 21, 21 and 5%, respectively.
Changes in Phase 1-3F regression lines occurred more frequently at C06 (Fig. 2(a) ) and least at M09 (Fig. 2(b) ). The largest number of comparisons (7) in which there was no significant change in regression lines occurred at M09 (visually the largest number of empty "N" bars in Figs 2). These results coincide with average concentrations computed by Bonta & Dick (2003) in which C06 water quality was impacted the most (largest concentrations) by mining and reclamation. In that study at M09, average concentrations tended to return to premine levels after reclamation. At J11, intercept changes were apparent from Phases 1 to 3F (dotted "I" in Fig. 2(c) ). , where concentration is in mg l -1 and flow rate in l s -1 .
* Change in sign of slope (exponent) between statistically-significant regressions of Period 1 to Period 2. † Increase (i) or decrease (d) in coefficient (intercept) between statistically-significant regressions between Periods 1 and 2.
Changes in concentration-discharge regression parameters due to coal mining and reclamation 165 Other notable changes in regressions occurred between Phases 3A and 3F at M09 (Fig. 2(b) ). The large number of regression changes for both slope and intercept at C06 (largest number in Fig. 2(a) ; solid "SI") suggests the most drastic impact of mining and reclamation on regression-line changes occurred here of all sites, affecting both rate of chemical release and supply of constituents. The other two sites were affected by drastic land disturbances differently, with most slope-only changes at M09 (affecting sensitivity more than supply; solid "S" bars in Fig. 2(b) ) and most intercept-only changes at J11 (affecting supply more than sensitivity; dotted "I" bars in Fig. 2(c) ). Different impacts that occurred at the three drainage basins are attributed to exposure of new faces of spoil and soil due to blasting, different reclamation activities and other operations. Figure 3 illustrates the types of regression changes encountered in the data. Figure 3(a) shows that the significantly different regression lines between Phases 1 and 3F for Al at C06 (Table 3) were due to a change in slope only (intercepts are nearly identical at the log-log coordinate intercept reference line). Figure 3(b) shows the case of no significant change in regression line for Cl at M09 between Phases 1 and 2A and of a significant change in slope only between Phases 1 and 3F and 2A and 3F. Figure 3(d) shows the case where both the slope and intercept has changed for SO 4 at C06 for all comparisons (Table 3) .
Sign-of-slope changes Regression slopes that were originally negative for the different comparisons and that did not change signs were the most frequently occurring class of slope "changes" (Fig. 4; 43, 60 and 100% of all significant, nonempty, bars at C06, M09 and J11, respectively in Fig. 2(a)-(c) ). For J11 all regression slopes that were originally negative and did not change sign. The next most frequently occurring class of slope change was that for slope changes (+ to -; vertically hatched bars; 30% and 20% at C06 and M09, respectively, Fig. 4(a) and (b)). Slope changes from -to + occurred in four comparisons at C06 and in one comparison at M09 (diagonally Fig. 4 Sign-of-slope changes among statistically significant regressions (a) for C06; and (b) for M09.
hatched bars in Fig. 4(a) and (b)). One occurrence of a positive slope that did not change sign was found at C06 and three occurrences were found at M09 (lightly shaded bars in Fig. 4(a) and (b) ). While there were only two instances of a slope change across drainage basins (Bonta, 2004) , there were many slope changes between phases.
At C06, all nine "-to -" changes occurred from Phases 1 to 3F, all "-to +" changes occurred from Phases 1 to 2A and four of six "+ to -" changes occurred between Phase 2A and 3F and two occurred between Phases 1 and 3F (Table 3 and Fig. 4(a) ). At M09, "+ to -" changes occurred once each for Phases 1 to 2A, 1 to 3A, 2A to 3A and 2A to 3F (Fig. 4(b) ). The "-to -" category occurred more frequently between 2A and 3F than with other comparisons. Slopes for regressions for SO 4 at C06 and M09 changed significantly between Phase 1 and a mining phase and then again from a mining phase to Phase 3F (i.e." -to +" and then "+ to -"; e.g. Table 3 and Fig. 3(d) ). The same occurred for As at C06.
Sign-of-slope changes in relations between C and Q are important because they affect availability of chemical constituents in runoff. In particular, a positive slope b suggests greater availability of a constituent during runoff events. For example, the active mining disturbances and exposure of bare spoil mixed with coal at C06 and M09 appears to have made SO 4 more readily available, explaining the change from "-to +" slopes from one phase to the next. A change in slope from + to -suggests a decreased opportunity for transport of a constituent, especially when baseflow decreases or becomes increasingly intermittent due to mining and reclamation. At C06, the proportion of flow that occurred as baseflow increased after reclamation (Bonta et al., 1997; Bonta & Dick, 2003) suggesting an increase in the total transport of several constituents during low flows. At J11, mining and reclamation impaired the capacity of the drainage basin to support baseflow. At all three sites watershed curve number increased compared with the unmined condition, increasing the duration of larger flows (Table 1; Bonta et al., 1997; Bonta & Dick, 2003) . Larger curve numbers are associated with larger watershed runoff potential. This consequently increased the opportunity for chemical transport especially for positive-sloped regressions during Phase 3F. The effects of mining and reclamation on average concentrations and loads and changing hydrology are described in more detail by Bonta & Dick (2003) . Hydrological changes during mining and reclamation can significantly affect chemical transport even when regressions do not change significantly.
Intercept changes Statistically significant intercept (coefficient) changes occurred more frequently at C06 (14 increases [solid bars]; and five decreases [hatched bars]) than at the other drainage basins ( Fig. 5 and Table 3 ). At M09, there were eight decreases and nine increases ( Fig. 5(a) ). At J11, there were seven decreases and 12 increases (Fig. 5(c) ). Intercepts for SO 4 increased significantly at all drainage basins from the premine to the reclaimed phases (e.g. Table 3 ). Intercepts for Ca and Mg increased significantly between Phases 1 and 3F at C06 and J11 and intercepts for Na decreased at J11 but increased at C06. Nine of the increases at C06 occurred between Phases 1 and 3F.
Intercepts for the Phase 1-3F comparisons increased at C06 and J11 (solid bars in Figs 5(a) and (c) ). However, at M09, only one intercept increased; and most intercept changes were found to be not significant ( Fig. 5(b) ). This suggests that the lack of runoff diversions and straw crimping used for the reclamation practice was effective in returning C-Q relationships to their premine condition. At J11, the large number of intercept changes between Phases 1 and 3A are attributed to incomplete and poor reclamation and an enlarged drainage basin area caused by runoff diversions collecting runoff from the larger area (Bonta, 2000) .
The methods of mining and reclamation explain some results observed above. The large number of intercept-only changes at J11 reflects the diverse, unstable drainage basin surface during Phases 2 and 3A. The haul-back method of mining (Table 2) was used at J11, which consisted of concurrent mining and reclamation activities. At this site, the presence of a haul road affected runoff production during Phase 2. During Phase 3A at J11, a network of runoff diversions was installed, increasing the drainage basin area by 50% (from about 9 to 13.2 ha; Bonta, 2000) , explaining the five increases (only one decrease) in intercept that occurred between Phases 1 and 3A (Fig. 5(c) ). At C06, mining was by the contour-area method which created a more stable drainage basin after the first pass through the drainage basin than during subsequent mining and reclamation operations where coal was mined from farther in the hilltop. However, the "stable" (final Phase 3F) drainage basin consisted of a network of runoff diversions that routed water from drainage basin side slopes to the headwater area, explaining nine of the 14 increases in intercept found at this site. This diversion network also caused elevated suspended sediment concentrations (Bonta, 2000) . At M09, notably fewer significant intercept changes occurred in a predominantly reclaimed drainage basin condition (empty bars in Fig. 5(b) ) and is attributed to reclamation practice of crimping straw into the surface without runoff diversions.
CONCLUSIONS
Assessments of near-complete disturbance due to mining of coal and subsequent reclamation of three previously undisturbed, geologically dissimilar experimental drainage basins (C06, M09 and J11) are described in this study. These assessments were made using regression relations between the logarithms of surface-water chemical concentration (C) and instantaneous discharge (Q) with 5047 laboratory analyses of 36 constituents. Comparisons are made across phases of disturbance for individual drainage basins. Three general phases of disturbance are evaluated: Phase 1 (natural, premine), sub-phases of Phase 2 (mining and reclamation activities) and subphases of Phase 3 (incomplete reclamation) and Phase 3F ("final" condition of the drainage basins at the end of monitoring). The following conclusions can be made from the data in the present study: 1. Of 429 log-log regressions of C vs Q, 153 (36%) were statistically significant. 2. The impact of mining and reclamation on regressions between constituent concentration and instantaneous discharge varied among sites. The effects were most apparent at C06 where both the supply and sensitivity of constituents to transport by flowing water increased. At J11, the impact was to increase the supply of constituents mostly. At M09, constituents tended toward more sensitivity to instantaneous discharges than to increased supply. 3. Regression slopes for some constituents reversed sign from + to -, from -to + and then from + to -again. The largest percentage of statistical regression-slope sign changes (i.e. + to -or -to +) occurred at C06 and M09. Documenting slope changes is important for quantifying the effects and sensitivity of low and high flows on chemical concentrations and loads. 4. At C06, surface runoff diversions left in place during Phase 3F caused many differences between Phase 1 and 3F regressions. At this drainage basin, runoff was routed to the headwater area through the runoff diversion network where it was concentrated in a rock chute that was actively eroding. 5. At M09, more complete return of regression relations to premine conditions may be attributed to reclamation consisting of straw crimping and no runoff diversions. 6. The haul-back method of mining at J11 contributed to the large percentage (50%) of intercept-only regression changes (large supply) due to the diverse surface disturbances with ongoing mining and reclamation leading to an unstable drainage basin. Also, the runoff diversions during Phase 3A enlarged the drainage basin area notably, causing a larger supply of chemical constituents. 7. Reclamation practices concerning diversions are important in regression-line changes. Diversions tended to cause statistically significant changes in regressions. Straw crimping without use of runoff diversions tended to return regression parameters to premine conditions. Knowledge of changing regression relations are important because, when regressions are coupled with flow-duration curves that quantify changing hydrology, they provide more reliable assessment of changing chemical loads than simple averages. Duration curves also provide a measure of how often concentrations and loads are exceeded.
Coal mining and subsequent reclamation result in drastic changes to surface and subsurface hydrology. These disturbances also resulted in significant changes in chemical availability as fractured geologic material exposed new faces to the weathering process, changing the complex interactions of many drainage basin processes. This study documents the most apparent impacts of these disturbances on changes in regression relations of concentrations vs instantaneous discharge in surface water for 36 chemical constituents, three differing geologic settings and mined coal seams, two mining methods and three reclamation practices.
